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1.  Introduction 
Double Quantum Dots (DQDs) have been studied as a 
promising candidate for solid state quantum bits (qubits). 
Initially most of the DQD researches were done using the 
GaAs/AlGaAs heterostructures, where DQDs were realized 
through the depletion of a two-dimensional electron gas by 
using surface gates[1]. Recently Si-based DQDs have also 
been fabricated by using electron beam lithography and the 
reactive ion etching (RIE) technique, which is well com-
patible with the existing silicon fabrication process. Coher-
ent oscillations of Si-based DQDs were also reported with 
long decoherence time[2]. Hereafter, it is important to study 
how to integrate more than two charge quibits and its read-
outs. As a first step to realize multiple qubit readouts, we 
have fabricated double single-electron transistors (DSETs) 
(Fig. 1), where SETs are connected in series. A pair of 
DQDs (double qubits) will be integrated adjacent to indi-
vidual SETs by depositing nanocrystalline Si quantum dots 
using VHF plasma CVD technique
 [3]. Qubits operation will 
be controlled via electrodes (G1-G5). The gate electrodes 
G6 and G7 are used to manipulate the SET islands electro-
chemical potentials. To characterize this readout, we fabri-
cated DSETs without qubits and its electrical measurements 
are reported in this paper. 
  
2.  Fabrication 
DSETs without qubits were fabricated on sili-
con-on-insulator (SOI) substrate with multiple gates. SEM 
image of the fabricated DSETs without qubit are shown in 
Fig.1. The bright regions indicate Si (P doped  ～10
19
 cm
-3) 
and the dark regions indicate the buried-oxide layer (BOX) 
of the SOI material. The DSETs were patterned using the 
high-resolution electron beam lithography in the P im-
planted substrate with lithographically defined diameters of 
approximately 90 nm for the islands. The lithographically 
defined pattern was transferred to SOI by using the electron 
cyclotron resonance-reactive ion etching (ECR-RIE) tech-
nique. At this fabrication process, thickness of the SOI layer 
and the BOX layer are 40 nm and 200 nm, respectively. Af-
ter etching, thermal oxidation was done at 1000 °C to pas-
sivate the surface states and to reduce the effective thickness 
of the SOI down to 30 nm. This leads to the resulting overall 
dot diameter of approximately 45 nm. In this device struc-
ture, adjacent constrictions act as tunnel barriers connecting 
the charging islands to the source and drain electrodes. The 
outer constrictions are of ~30 nm and the center constriction 
is ~10nm in width. 
 
3. Results and Discussions 
    Electrical measurements were carried out at 4.2 K for 
the fabricated DSETs. Figs. 2 and 4 show the contour plots 
of the differential conductance (∂IS/∂VS) as a function of 
VG6 and VG7 respectively, and VS. Clear Coulomb diamonds 
can be observed from these plots. In case of random dopant 
induced SET, fluctuation of the impurities leads to unstable 
islands. But lateral confinement of the channel dimensions 
by lithography makes it possible to realize well-defined 
tunnel barriers. Both the differential conductance plots sup-
port it very well. Furthermore from these plots the presence 
of Coulomb diamonds with different Coulomb gaps is also 
noticed, which confirms the existence of two islands.   
    Source current-voltage characteristics as a function of 
G6 voltages from 0 V to 10 V (source current is displayed 
with 4 nA offset) are shown in the Fig. 3. Same kinds of 
characteristics were observed for G7 voltages as well. Clear 
Coulomb staircase characteristic was also observed from the 
plot for both positive and negative source voltages.  In the 
conductance plots, outside the Coulomb blockade region 
lower conductance plateaus clearly indicates the Coulomb 
staircase characteristics. This is attributed to the high resis-
tance of the central tunnel barrier between two islands. From 
the SEM image of the device it can be understood the resis-
tance the center tunnel barrier resistance is larger than the 
other tunnel barrier resistances.   
    To understand further the conductance mechanism of 
the DSETs, equivalent circuit simulation was performed. 
The  equivalent circuit is shown in Fig. 1 (b).  For the 
capacitance values CG6I2=0.06 aF (G6-Island 2), and 
CG6I1=0.02 aF (G6-Island 1), the simulation result (Fig. 5) 
shows good agreement with the experimental result. Even 
though the device structure is symmetrical, the appearance 
of Coulomb staircase is noticed for the higher resistance 
ratio of the central tunnel barrier to the other tunnel barriers 
in the simulation result (Fig. 6). In addition, it was found 
from the simulation that the number of electrons on Island 1 
and Island 2 can also be changed individually in specific 
gate voltage regions. 
 
6. Conclusion 
   In this work DSETs were fabricated and the individual 
SET operations were analyzed by the differential conduc-
tance characteristics.  Coulomb diamond with clear Cou-
lomb staircase was observed. It was confirmed from the 
equivalent circuit simulation that high resistance ratio of the 
central barrier to the other tunnel barriers leads to Coulomb 
staircase characteristics.   -0.10 -0.05 0.00 0.05 0.10
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Fig.１. (a) SEM image of DSETs with qubits gates. (b) The 
equivalent circuit of the DSETs. 
 
Fig. 2. Contour plot of the measured differential conduc-
tance (∂IS/∂VS) as a function of VG6 and VS at 4.2 K.   
 
 
 
Fig. 3. IS-VS characteristics as a function of VG6 from 0 V to 
10 V at 4.2K (displayed with 4 nA offset).   
 
 
 
 
 
Fig. 4. Contour plot of the measured differential conduc-
tance (∂IS/∂VS) as a function of VG7 and VS at 4.2 K. 
 
 
Fig. 5. Contour plot of the simulated differential conduc-
tance (∂IS/∂VS) as a function of VG6 and VS.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.6. IS-VS characteristics at various ratios of central tunnel 
barrier resistance Rc to the other tunnel resistances Rl and Rr 
(Rl = Rr) at VG6=1.8 V (displayed with 5 nA offset). 
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-3E-7 -2.987E-7 -2.974E-7 -2.961E-7 -2.948E-7 -2.935E-7 -2.922E-7 -2.909E-7 -2.896E-7 -2.883E-7 -2.87E-7 -2.857E-7 -2.844E-7 -2.831E-7 -2.818E-7 -2.805E-7 -2.792E-7 -2.779E-7 -2.766E-7 -2.753E-7 -2.74E-7 -2.727E-7 -2.714E-7 -2.701E-7 -2.688E-7 -2.675E-7 -2.662E-7 -2.649E-7 -2.636E-7 -2.623E-7 -2.61E-7 -2.597E-7 -2.584E-7 -2.571E-7 -2.558E-7 -2.545E-7 -2.532E-7 -2.519E-7 -2.506E-7 -2.493E-7 -2.48E-7 -2.467E-7 -2.454E-7 -2.441E-7 -2.428E-7 -2.415E-7 -2.402E-7 -2.389E-7 -2.376E-7 -2.363E-7 -2.35E-7 -2.337E-7 -2.324E-7 -2.311E-7 -2.298E-7 -2.285E-7 -2.272E-7 -2.259E-7 -2.246E-7 -2.233E-7 -2.22E-7 -2.207E-7 -2.194E-7 -2.181E-7 -2.168E-7 -2.155E-7 -2.142E-7 -2.129E-7 -2.116E-7 -2.103E-7 -2.09E-7 -2.077E-7 -2.064E-7 -2.051E-7 -2.038E-7 -2.025E-7 -2.012E-7 -1.999E-7 -1.986E-7 -1.973E-7 -1.96E-7 -1.947E-7 -1.934E-7 -1.921E-7 -1.908E-7 -1.895E-7 -1.882E-7 -1.869E-7 -1.856E-7 -1.843E-7 -1.83E-7 -1.817E-7 -1.804E-7 -1.791E-7 -1.778E-7 -1.765E-7 -1.752E-7 -1.739E-7 -1.726E-7 -1.713E-7 -1.7E-7 -1.687E-7 -1.674E-7 -1.661E-7 -1.648E-7 -1.635E-7 -1.622E-7 -1.609E-7 -1.596E-7 -1.583E-7 -1.57E-7 -1.557E-7 -1.544E-7 -1.531E-7 -1.518E-7 -1.505E-7 -1.492E-7 -1.479E-7 -1.466E-7 -1.453E-7 -1.44E-7 -1.427E-7 -1.414E-7 -1.401E-7 -1.388E-7 -1.375E-7 -1.362E-7 -1.349E-7 -1.336E-7 -1.323E-7 -1.31E-7 -1.297E-7 -1.284E-7 -1.271E-7 -1.258E-7 -1.245E-7 -1.232E-7 -1.219E-7 -1.206E-7 -1.193E-7 -1.18E-7 -1.167E-7 -1.154E-7 -1.141E-7 -1.128E-7 -1.115E-7 -1.102E-7 -1.089E-7 -1.076E-7 -1.063E-7 -1.05E-7 -1.037E-7 -1.024E-7 -1.011E-7 -9.98E-8 -9.85E-8 -9.72E-8 -9.59E-8 -9.46E-8 -9.33E-8 -9.2E-8 -9.07E-8 -8.94E-8 -8.81E-8 -8.68E-8 -8.55E-8 -8.42E-8 -8.29E-8 -8.16E-8 -8.03E-8 -7.9E-8 -7.77E-8 -7.64E-8 -7.51E-8 -7.38E-8 -7.25E-8 -7.12E-8 -6.99E-8 -6.86E-8 -6.73E-8 -6.6E-8 -6.47E-8 -6.34E-8 -6.21E-8 -6.08E-8 -5.95E-8 -5.82E-8 -5.69E-8 -5.56E-8 -5.43E-8 -5.3E-8 -5.17E-8 -5.04E-8 -4.91E-8 -4.78E-8 -4.65E-8 -4.52E-8 -4.39E-8 -4.26E-8 -4.13E-8 -4E-8 -3.87E-8 -3.74E-8 -3.61E-8 -3.48E-8 -3.35E-8 -3.22E-8 -3.09E-8 -2.96E-8 -2.83E-8 -2.7E-8 -2.57E-8 -2.44E-8 -2.31E-8 -2.18E-8 -2.05E-8 -1.92E-8 -1.79E-8 -1.66E-8 -1.53E-8 -1.4E-8 -1.27E-8 -1.14E-8 -1.01E-8 -8.8E-9 -7.5E-9 -6.2E-9 -4.9E-9 -3.6E-9 -2.3E-9 -1E-9 3E-10 1.6E-9 2.9E-9 4.2E-9 5.5E-9 6.8E-9 8.1E-9 9.4E-9 1.07E-8 1.2E-8 1.33E-8 1.46E-8 1.59E-8 1.72E-8 1.85E-8 1.98E-8 2.11E-8 2.24E-8 2.37E-8 2.5E-8 2.63E-8 2.76E-8 2.89E-8 3.02E-8 3.15E-8 3.28E-8 3.41E-8 3.54E-8 3.67E-8 3.8E-8 3.93E-8 4.06E-8 4.19E-8 4.32E-8 4.45E-8 4.58E-8 4.71E-8 4.84E-8 4.97E-8 5.1E-8 5.23E-8 5.36E-8 5.49E-8 5.62E-8 5.75E-8 5.88E-8 6.01E-8 6.14E-8 6.27E-8 6.4E-8 6.53E-8 6.66E-8 6.79E-8 6.92E-8 7.05E-8 7.18E-8 7.31E-8 7.44E-8 7.57E-8 7.7E-8 7.83E-8 7.96E-8 8.09E-8 8.22E-8 8.35E-8 8.48E-8 8.61E-8 8.74E-8 8.87E-8 9E-8 9.13E-8 9.26E-8 9.39E-8 9.52E-8 9.65E-8 9.78E-8 9.91E-8 1.004E-7 1.017E-7 1.03E-7 1.043E-7 1.056E-7 1.069E-7 1.082E-7 1.095E-7 1.108E-7 1.121E-7 1.134E-7 1.147E-7 1.16E-7 1.173E-7 1.186E-7 1.199E-7 1.212E-7 1.225E-7 1.238E-7 1.251E-7 1.264E-7 1.277E-7 1.29E-7 1.303E-7 1.316E-7 1.329E-7 1.342E-7 1.355E-7 1.368E-7 1.381E-7 1.394E-7 1.407E-7 1.42E-7 1.433E-7 1.446E-7 1.459E-7 1.472E-7 1.485E-7 1.498E-7 1.511E-7 1.524E-7 1.537E-7 1.55E-7 1.563E-7 1.576E-7 1.589E-7 1.602E-7 1.615E-7 1.628E-7 1.641E-7 1.654E-7 1.667E-7 1.68E-7 1.693E-7 1.706E-7 1.719E-7 1.732E-7 1.745E-7 1.758E-7 1.771E-7 1.784E-7 1.797E-7 1.81E-7 1.823E-7 1.836E-7 1.849E-7 1.862E-7 1.875E-7 1.888E-7 1.901E-7 1.914E-7 1.927E-7 1.94E-7 1.953E-7 1.966E-7 1.979E-7 1.992E-7 2.005E-7 2.018E-7 2.031E-7 2.044E-7 2.057E-7 2.07E-7 2.083E-7 2.096E-7 2.109E-7 2.122E-7 2.135E-7 2.148E-7 2.161E-7 2.174E-7 2.187E-7 2.2E-7 2.213E-7 2.226E-7 2.239E-7 2.252E-7 2.265E-7 2.278E-7 2.291E-7 2.304E-7 2.317E-7 2.33E-7 2.343E-7 2.356E-7 2.369E-7 2.382E-7 2.395E-7 2.408E-7 2.421E-7 2.434E-7 2.447E-7 2.46E-7 2.473E-7 2.486E-7 2.499E-7 2.512E-7 2.525E-7 2.538E-7 2.551E-7 2.564E-7 2.577E-7 2.59E-7 2.603E-7 2.616E-7 2.629E-7 2.642E-7 2.655E-7 2.668E-7 2.681E-7 2.694E-7 2.707E-7 2.72E-7 2.733E-7 2.746E-7 2.759E-7 2.772E-7 2.785E-7 2.798E-7 2.811E-7 2.824E-7 2.837E-7 2.85E-7 2.863E-7 2.876E-7 2.889E-7 2.902E-7 2.915E-7 2.928E-7 2.941E-7 2.954E-7 2.967E-7 2.98E-7 2.993E-7 3.006E-7 3.019E-7 3.032E-7 3.045E-7 3.058E-7 3.071E-7 3.084E-7 3.097E-7 3.11E-7 3.123E-7 3.136E-7 3.149E-7 3.162E-7 3.175E-7 3.188E-7 3.201E-7 3.214E-7 3.227E-7 3.24E-7 3.253E-7 3.266E-7 3.279E-7 3.292E-7 3.305E-7 3.318E-7 3.331E-7 3.344E-7 3.357E-7 3.37E-7 3.383E-7 3.396E-7 3.409E-7 3.422E-7 3.435E-7 3.448E-7 3.461E-7 3.474E-7 3.487E-7 3.5E-7 3.513E-7 3.526E-7 3.539E-7 3.552E-7 3.565E-7 3.578E-7 3.591E-7 3.604E-7 3.617E-7 3.63E-7 3.643E-7 3.656E-7 3.669E-7 3.682E-7 3.695E-7 3.708E-7 3.721E-7 3.734E-7 3.747E-7 3.76E-7 3.773E-7 3.786E-7 3.799E-7 3.812E-7 3.825E-7 3.838E-7 3.851E-7 3.864E-7 3.877E-7 3.89E-7 3.903E-7 3.916E-7 3.929E-7 3.942E-7 3.955E-7 3.968E-7 3.981E-7 3.994E-7 4.007E-7 4.02E-7 4.033E-7 4.046E-7 4.059E-7 4.072E-7 4.085E-7 4.098E-7 4.111E-7 4.124E-7 4.137E-7 4.15E-7 4.163E-7 4.176E-7 4.189E-7 4.202E-7 4.215E-7 4.228E-7 4.241E-7 4.254E-7 4.267E-7 4.28E-7 4.293E-7 4.306E-7 4.319E-7 4.332E-7 4.345E-7 4.358E-7 4.371E-7 4.384E-7 4.397E-7 4.41E-7 4.423E-7 4.436E-7 4.449E-7 4.462E-7 4.475E-7 4.488E-7 4.501E-7 4.514E-7 4.527E-7 4.54E-7 4.553E-7 4.566E-7 4.579E-7 4.592E-7 4.605E-7 4.618E-7 4.631E-7 4.644E-7 4.657E-7 4.67E-7 4.683E-7 4.696E-7 4.709E-7 4.722E-7 4.735E-7 4.748E-7 4.761E-7 4.774E-7 4.787E-7 4.8E-7 4.813E-7 4.826E-7 4.839E-7 4.852E-7 4.865E-7 4.878E-7 4.891E-7 4.904E-7 4.917E-7 4.93E-7 4.943E-7 4.956E-7 4.969E-7 4.982E-7 4.995E-7 5.008E-7 5.021E-7 5.034E-7 5.047E-7 5.06E-7 5.073E-7 5.086E-7 5.099E-7 5.112E-7 5.125E-7 5.138E-7 5.151E-7 5.164E-7 5.177E-7 5.19E-7 5.203E-7 5.216E-7 5.229E-7 5.242E-7 5.255E-7 5.268E-7 5.281E-7 5.294E-7 5.307E-7 5.32E-7 5.333E-7 5.346E-7 5.359E-7 5.372E-7 5.385E-7 5.398E-7 5.411E-7 5.424E-7 5.437E-7 5.45E-7 5.463E-7 5.476E-7 5.489E-7 5.502E-7 5.515E-7 5.528E-7 5.541E-7 5.554E-7 5.567E-7 5.58E-7 5.593E-7 5.606E-7 5.619E-7 5.632E-7 5.645E-7 5.658E-7 5.671E-7 5.684E-7 5.697E-7 5.71E-7 5.723E-7 5.736E-7 5.749E-7 5.762E-7 5.775E-7 5.788E-7 5.801E-7 5.814E-7 5.827E-7 5.84E-7 5.853E-7 5.866E-7 5.879E-7 5.892E-7 5.905E-7 5.918E-7 5.931E-7 5.944E-7 5.957E-7 5.97E-7 5.983E-7 5.996E-7 6.009E-7 6.022E-7 6.035E-7 6.048E-7 6.061E-7 6.074E-7 6.087E-7 6.1E-7 6.113E-7 6.126E-7 6.139E-7 6.152E-7 6.165E-7 6.178E-7 6.191E-7 6.204E-7 6.217E-7 6.23E-7 6.243E-7 6.256E-7 6.269E-7 6.282E-7 6.295E-7 6.308E-7 6.321E-7 6.334E-7 6.347E-7 6.36E-7 6.373E-7 6.386E-7 6.399E-7 6.412E-7 6.425E-7 6.438E-7 6.451E-7 6.464E-7 6.477E-7 6.49E-7 6.503E-7 6.516E-7 6.529E-7 6.542E-7 6.555E-7 6.568E-7 6.581E-7 6.594E-7 6.607E-7 6.62E-7 6.633E-7 6.646E-7 6.659E-7 6.672E-7 6.685E-7 6.698E-7 6.711E-7 6.724E-7 6.737E-7 6.75E-7 6.763E-7 6.776E-7 6.789E-7 6.802E-7 6.815E-7 6.828E-7 6.841E-7 6.854E-7 6.867E-7 6.88E-7 6.893E-7 6.906E-7 6.919E-7 6.932E-7 6.945E-7 6.958E-7 6.971E-7 6.984E-7 6.997E-7 7.01E-7 7.023E-7 7.036E-7 7.049E-7 7.062E-7 7.075E-7 7.088E-7 7.101E-7 7.114E-7 7.127E-7 7.14E-7 7.153E-7 7.166E-7 7.179E-7 7.192E-7 7.205E-7 7.218E-7 7.231E-7 7.244E-7 7.257E-7 7.27E-7 7.283E-7 7.296E-7 7.309E-7 7.322E-7 7.335E-7 7.348E-7 7.361E-7 7.374E-7 7.387E-7 7.4E-7 7.413E-7 7.426E-7 7.439E-7 7.452E-7 7.465E-7 7.478E-7 7.491E-7 7.504E-7 7.517E-7 7.53E-7 7.543E-7 7.556E-7 7.569E-7 7.582E-7 7.595E-7 7.608E-7 7.621E-7 7.634E-7 7.647E-7 7.66E-7 7.673E-7 7.686E-7 7.699E-7 7.712E-7 7.725E-7 7.738E-7 7.751E-7 7.764E-7 7.777E-7 7.79E-7 7.803E-7 7.816E-7 7.829E-7 7.842E-7 7.855E-7 7.868E-7 7.881E-7 7.894E-7 7.907E-7 7.92E-7 7.933E-7 7.946E-7 7.959E-7 7.972E-7 7.985E-7 7.998E-7 8.011E-7 8.024E-7 8.037E-7 8.05E-7 8.063E-7 8.076E-7 8.089E-7 8.102E-7 8.115E-7 8.128E-7 8.141E-7 8.154E-7 8.167E-7 8.18E-7 8.193E-7 8.206E-7 8.219E-7 8.232E-7 8.245E-7 8.258E-7 8.271E-7 8.284E-7 8.297E-7 8.31E-7 8.323E-7 8.336E-7 8.349E-7 8.362E-7 8.375E-7 8.388E-7 8.401E-7 8.414E-7 8.427E-7 8.44E-7 8.453E-7 8.466E-7 8.479E-7 8.492E-7 8.505E-7 8.518E-7 8.531E-7 8.544E-7 8.557E-7 8.57E-7 8.583E-7 8.596E-7 8.609E-7 8.622E-7 8.635E-7 8.648E-7 8.661E-7 8.674E-7 8.687E-7 8.7E-7 8.713E-7 8.726E-7 8.739E-7 8.752E-7 8.765E-7 8.778E-7 8.791E-7 8.804E-7 8.817E-7 8.83E-7 8.843E-7 8.856E-7 8.869E-7 8.882E-7 8.895E-7 8.908E-7 8.921E-7 8.934E-7 8.947E-7 8.96E-7 8.973E-7 8.986E-7 8.999E-7 9.012E-7 9.025E-7 9.038E-7 9.051E-7 9.064E-7 9.077E-7 9.09E-7 9.103E-7 9.116E-7 9.129E-7 9.142E-7 9.155E-7 9.168E-7 9.181E-7 9.194E-7 9.207E-7 9.22E-7 9.233E-7 9.246E-7 9.259E-7 9.272E-7 9.285E-7 9.298E-7 9.311E-7 9.324E-7 9.337E-7 9.35E-7 9.363E-7 9.376E-7 9.389E-7 9.402E-7 9.415E-7 9.428E-7 9.441E-7 9.454E-7 9.467E-7 9.48E-7 9.493E-7 9.506E-7 9.519E-7 9.532E-7 9.545E-7 9.558E-7 9.571E-7 9.584E-7 9.597E-7 9.61E-7 9.623E-7 9.636E-7 9.649E-7 9.662E-7 9.675E-7 9.688E-7 9.701E-7 9.714E-7 9.727E-7 9.74E-7 9.753E-7 9.766E-7 9.779E-7 9.792E-7 9.805E-7 9.818E-7 9.831E-7 9.844E-7 9.857E-7 9.87E-7 9.883E-7 9.896E-7 9.909E-7 9.922E-7 9.935E-7 9.948E-7 9.961E-7 9.974E-7 9.987E-7 1E-6
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-7
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8×10
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S   
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